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Abstract: Self-propelled catalytic micromotors offer considerable promise in terms of many applications. Catalytic
micromotors are strongly influenced by the presence and concentration of specific ions and chemicals in the environment,
making them useful as sensors and actuators. In this work, copper (Cu)-platinum (Pt) micromotors were fabricated
by using the magnetron sputtering method for the first time in the literature and their applications based on the
detection of miRNA-21 were evaluated. We analyzed the dependence of the mobility of Cu-Pt micromotors using
different concentrations of hydrogen peroxide (H 2 O 2 ) . The presence of surfactants in the environment is also important
for the movement of the micromotors. Thus, we studied the effect of three different surfactants: anionic as sodium
dodecyl sulfate (SDS), cationic as cetyltrimethylammonium bromide (CTAB), and nonionic as Triton X-100. Cu-Pt
micromotor motion was observed even at very low concentrations of surfactant (0.01%) and hydrogen peroxide (0.25%).
miRNAs have been regarded as biomarker candidates in early diagnosis. Our sensing strategy relied on dye-labeled
single-stranded DNA immobilization onto Cu-Pt micromotors that recognize the target miRNA-21. The changes in the
fluorescence intensity as well as the changes in the speed of micromotors were examined before and after hybridization.
Key words: Micromotors, self-propelled micromotors, magnetron sputtering, miRNA-21

1. Introduction
Self-propelled catalytic micromotors receive considerable attention since they can convert energy into movement
and force. 1,2 These devices have many different application fields such as drug delivery, environmental, biomedical, and sensing. 3,4 The shape, size, and material composition of the micromotors have a crucial influence on
their application fields. An asymmetric micromotor structure containing a catalytic active part and an inert
part is one of the common designs. For example, nanospheres with a half side coated with platinum (Pt) are
propelled in hydrogen peroxide (H 2 O 2 ) via a catalytic decomposition reaction. 5−8
The fuel is very important for self-propelled catalytic micromotor applications. 9 H 2 O 2 is the most
commonly utilized fuel where the surface of the micromotors (i.e. platinum) catalyzes its decomposition to
generate water (H 2 O) and oxygen (O 2 ) bubbles. However, incompatible properties of H 2 O 2 have hindered
its operation in vivo .10 Approaches to solve this problem include reducing the concentration of H 2 O 2 , using
different biocompatible fuels, or using magnetic and ultrasound power for propelling. 11−13 As an example,
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Sanchez et al. obtained micromotors working at low hydrogen peroxide concentrations (1% H 2 O 2 ). 14 The work
of Wang et al. demonstrated poly(3,4-ethylenedioxythiophene)/poly(3,4-ethylenedioxythiophene)-carboxylic
acid/nickel/platinum (PEDOT/PEDOT-COOH/Ni/Pt) microjets that moved at 88 µ m/s speeds and at 1%
H 2 O 2 fuel concentration. 15 It has been demonstrated that silica (SiO 2 ) particles worked at a speed of 35 µ m/s
in 5% H 2 O 2 solution. Pumera et al. indicated that the average velocity of copper/silver (Cu/Ag) micromotors
increased with the amount of H 2 O 2 fuel present in the running solution from 13.1 µ m/s in 0.5% H 2 O 2 to
252.4 µ m/s using 3% H 2 O 2 . 16
The motion of chemically propelled micromotors depends on the rate at which bubbles are generated. 17,18
Surfactants also have a crucial role in the movement of bubble-propelled micromotors. 19 They can increase the
interactions between the surface of platinum and H 2 O 2 fuel with decreasing surface tension. Despite the efforts
made regarding surfactant effect for microjects, 21 little attention has been given to the surfactant role for Janus
micromotors relying on electrophoresis and diffusiophoresis. 19
In this work, Cu-Pt bimetallic Janus micromotors were prepared in an alumina membrane by radiofrequency (RF) sputtering coating method. To the best of our knowledge, this is the first report describing the
preparation of bimetallic Janus micromotors using RF sputtering, which allows the fast, homogeneous, and uniform distribution of metals. The effects of types and concentrations of surfactants on the speed of micromotors
were investigated in the presence of anionic (sodium dodecyl sulfate, SDS), nonionic (Triton X-100), and cationic
(cetyltrimethylammonium bromide, CTAB) surfactants. The prepared micromotors demonstrated long lifetime
and excellent bubble propulsion motion, which can be detected even in the presence of a low concentration of
hydrogen peroxide (0.25%). In a further step, miRNA sensing properties of bimetallic Janus Cu-Pt micromotors
were examined based on fluorescence quenching and the decrease in micromotor speed with oligonucleotides related to breast cancer detection. In the literature, Ávilla et al. reported the use of graphene-oxide (GO)-coated
gold nanowires (AuNWs) for intracellular miRNA detection. 21

2. Results and discussion
2.1. Preparation and optimization studies of Cu-Pt bimetallic Janus micromotors
Cu-Pt bimetallic micromotors were prepared by coating Cu and Pt onto two sides of an alumina membrane
using RF magnetron sputtering at 6.5 mTorr. Then their movements were captured with an optic microscope.
Before that, we characterized the Cu-Pt micromotors in order to check their morphology and structure since
they were synthesized with a new fabrication micromotor protocol. Catalytically propelled Cu-Pt bimetallic
Janus micromotors were characterized by scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) analysis. The bimetallic Janus micromotors have an average diameter of 30 µ m (Figure
1a). As seen in Figure 1, the SEM and EDX mappings of the micromotor show the homogenous distribution
of Cu (Figures 1b and 1c) and Pt (Figures 1b and 1d) components. Generally, Janus micromotors show a
distribution of coated layers. 22 Guan et al. studied titanium dioxide/gold (TiO 2 /Au) Janus micromotors and
they found that the speed of the micromotor first increased when the size of the micromotor increased from
7.5 to 15 µ m. Then the speed of the micromotor decreased as the size further increased to 22 and 30 µ m. 23
Gao et al. fabricated Janus micromotors having diameters from 5 to 50 µ m. 22 Wang et al. also demonstrated
carbon/platinum Janus micromotors with an average diameter of 60 µ m. 24 Micromotor diameter is dependent
on the template or microspheres used and the coating methods.
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Figure 1. Characterization of Cu-Pt micromotor: SEM image of Cu-Pt micromotor (a), EDX mapping of Cu and Pt
distribution (b), Cu distribution (c), Pt distribution (d).

In catalytic micromotors, fuel concentration has an important effect on the speed of the micromotor. 20,25
Low H 2 O 2 concentrations have been desired especially for biomedical applications. Thus, we investigated the
effect of H 2 O 2 concentration and the influence of surfactant on the micromotor speed first. Figure 2 displays
the speed of the Cu-Pt micromotors related to hydrogen peroxide (v/v) concentration. For comparison, the
velocities of the micromotors were tracked with increasing concentration of hydrogen peroxide fuel (Figure
2a) in the presence of Triton X-100 surfactant. It is known that the speed of micromotors depends on the
fuel concentration and generally increases with higher hydrogen peroxide concentrations. 21 Oxygen bubble
1746
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generation depends on the hydrogen peroxide concentration and the catalytic activity of the decomposition
rate of peroxide into oxygen and water. The decomposition reaction (Eq. (1)) of hydrogen peroxide is shown
below 26 :
Pt

2H2 O2 (aq) −−−→ O2 (g) + 2H2 O

(1)

Micromotors started producing bubbles at a very low concentration of hydrogen peroxide (0.25%) and reached
a high velocity of 120 µ m/s (Figure 2a). The velocities of the Cu-Pt micromotors increased from 120 µ m/s to
220 µ m/s with elevated hydrogen peroxide fuel concentrations from 0.25% to 10%. Long lifetimes of 15 min
were obtained at these high speed levels. 22

Figure 2. Speed of micromotors: hydrogen peroxide concentration vs. speed (a), surfactant concentration vs. speed of
Cu-Pt micromotors (b) (n = 3).

Then the effect of surfactant on the movement of micromotors was examined with three different surfactants including SDS as anionic, Triton X-100 as nonionic, and CTAB as cationic. The Cu-Pt micromotors did
not work in the presence of a wide range of concentrations (0.01% to 5%) of CTAB cationic surfactant. Both
anionic and nonionic surfactants indicated positive effects on the speed of Cu-Pt micromotors. With increasing
surfactant concentrations, the speed of micromotors increased significantly (Figure 2b). The performance of
the surfactant in many interfacial processes depends on its concentration at the interface. Surfactant studies
were carried out in an aqueous solution with a fixed concentration of hydrogen peroxide (0.25%). By comparing
cationic, nonionic, and ionic surfactants, the anionic surfactant SDS indicated a much more positive effect on
the speed of the micromotor. This could be related to the adsorption process of the surfactant molecules on
the Pt surface. Anionic surfactant SDS can be easily adsorbed onto the positively charged inner surface of
micromotors due to the attraction, while the cationic surfactant has to overcome repulsion to adsorb on the
inner wall of micromotor. As a nonionic surfactant, Triton X-100 adsorbs from aqueous solution via moderate
hydrophobic interaction with the uncharged platinum surface 19 . Therefore, the effectiveness of adsorption of
cationic and nonionic surfactants onto positively charged inner surfaces of micromotors is lower than that of the
anionic surfactant. At low concentrations (0.25%) of hydrogen peroxide, it is possible to generate enough oxygen
bubbles for the propulsion of the Cu-Pt micromotors. Supplemental information (SI) Video 1 and SI Video
2 present the movement of Cu-Pt micromotors in the Triton X-100 and SDS surfactant media, respectively.
As a bubble detaches from the surface, a new bubble is generated and released as long as the peroxide fuel is
present in liquid medium. 25 The micromotor motion is influenced by the surrounding H 2 O 2 and surfactant
concentration. 27
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2.2. Application of Cu-Pt micromotors in miRNA monitoring
As far as we know, the fabrication of the Cu-Pt micromotors was performed with the simple magnetron
sputtering method for the first time in the literature. These micromotors were then subjected to rapid, sensitive,
and selective miRNA-21 detection related to breast cancer. The dye-labeled probe-immobilized micromotors
recognized the target sequence in a very selective way. The experiments carried out with the 1-mismatch
sequence (1-MM) showed that the micromotors were able to differentiate the target and 1-MM successfully. For
the sensing methodology we aimed to track the speed of the micromotors and the fluorescence intensities before
and after hybridization. The adsorption of fluorophore-labeled probe DNA interactions between the nucleotide
bases and the nanomaterial led to quenching of the fluorescence. 21 FAM-labeled probe DNA exhibited strong
fluorescence intensity after 60 min of incubation time at λem 520 nm, but movement of the micromotors was
not observed (Figure 3). By measuring the speed and fluorescence intensities as dependent on incubation time,
optimum incubation time was determined as 30 min for FAM-labeled probe DNA. The micromotor movement
speed was 112 µ m/s and fluorescence intensity was 431.

Figure 3. Cu-Pt micromotor interaction with FAM-labeled probe DNA. Green bars and blue bars represent fluorescence
intensity and speed of micromotors with respect to increasing incubation time, respectively (n = 3).

Related microscopic images for Cu-Pt micromotors and FAM-labeled probe DNA immobilized Cu-Pt
micromotors (FAM-ssDNA/Cu-Pt) are given in Figure 4a and b, respectively.
After the optimization of FAM-labeled probe DNA incubation time, we examined the changes in the
micromotor speed and the fluorescence intensity. Various conditions were optimized to achieve the best miRNA
responsive performance. To show the applicability of the micromotor approach toward miRNA detection,
we compared the fluorescence signals observed after incubating the FAM-ssDNA on Cu-Pt micromotors with
different molar concentrations of the synthetic target miRNA-21 for 30 min of hybridization time. As illustrated
in Figure 5a (a green bar), the fluorescence signal is higher in the absence of the target miRNA-21 than in the
presence of the target miRNA-21 (Figures 5b and 5c). Increasing along with the target concentration from 5 nM
to 100 nM, the micromotor speed decreased from 277 µ m/s to 140 µ m/s, respectively (Figure 5d). The detection
limit was calculated as 0.56 nM, which suggested the use of these micromotors for early cancer diagnosis (based
1748
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Figure 4. Microscope images (40 × optics) of (a) Cu-Pt and (b) FAM-labeled probe DNA/Cu-Pt micromotors.

on the changes in the speed). 28 The calibration graph of the study is given in Figure 5e. The reproducibility
was examined using 5 nM target miRNA-21. The RSD was found as 5.4% (n = 3), giving a promising result
for clinical applications. Both fluorescence signals and the speed of the micromotors decreased after incubating
the target miRNA-21 (100 nM) for different incubation times. These results demonstrate that the quenching of
the fluorophore can occur due to the close proximity of the target sequence due to an internal hybrid formation
with the probe. 29 This reflects the quenching efficiency of Cu-Pt micromotors and hybridization efficiency of
the target miRNA-21 with the FAM-ssDNA probe immobilized on the Cu-Pt micromotors. Related microscopic
images are given in Figures 6a–6d, as well.
Related videos according to the 100 nM target for 5, 15, and 30 min of incubation time are given as
SI Video 3. The Table shows the comparison of the studies related to miRNA detection based on various
nanomaterials. 21,30−32
Table. Comparison of the work with the literature.
Nano/micromaterials
GO coated AuNWs
nanomotors
Molybdenum disulfide
(MoS2 ) nanosheets
GO
Gold nanoparticles-coated
magnetic beads (AuNPs-MBs)
Cu-Pt micromotors

Detection limit
Not calculated (experiments were
carried out with 100 nM miRNA-21)
Not calculated (experiments were
carried out with 10 nM miRNA)
9 pM

Reference

9 fM

33

0.56 nM

This study

22

31
32

Furthermore, the selectivity of the Cu-Pt micromotor for miRNA-21 detection was evaluated by comparing the fluorescence signal for the miRNA-21 target and the signal obtained for the 1-MM sequence. The
Janus micromotors easily differentiated the miRNA-21 target and 1-MM (Figure 7). This result indicates that
the Cu-Pt micromotor is quite selective for the miRNA-21 target sequence. Our findings demonstrated that
the micromotor detection strategy has the potential to observe the dynamic changes of miRNA detection with
FAM-ssDNA functionalized Cu-Pt micromotors for real-time future clinical applications such as early and rapid
cancer diagnosis. 33
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Figure 5. Target hybridization time effect at 100 nM on fluorescence intensity (a) and on micromotor speed (b); target
concentration effect on fluorescence intensity (c) and on micromotor speed (d) at 30 min of hybridization time; (e)
calibration graph (n = 3).

2.3. Conclusions
In the first part of the study, movement properties of Cu-Pt bimetallic micromotors were investigated depending
on concentrations of the hydrogen peroxide fuel and surfactant media. The speed of Cu-Pt bimetallic micromotors was affected strongly by the addition of surface tension-reducing agents such as SDS and Triton X-100
to enhance bubble formation in order to analyze the concentration effect. The prepared Cu-Pt micromotor was
moved at low concentrations (0.25%) of the hydrogen peroxide and demonstrated excellent bubble-propelled
motion. In the second step of the study, we presented a micromotor-based strategy for rapid monitoring of
miRNA-21 detection. Cu-Pt micromotor fluorescence intensity and speed changed due to the absence and
1750
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Figure 6. Microscope images of (a) FAM-labeled ssDNA/Cu-Pt, (b) FAM-labeled ssDNA/Cu-Pt for 5 min of target
hybridization, (c) 15 min of target hybridization, (d) 30 min of target hybridization (target concentration: 100 nM).

Figure 7. Results for selectivity (n = 3).

presence of the target miRNA-21. The most important advantage of using this novel Cu-Pt micromotor for
miRNA-21 sensing may be its rapid detection (even in 5 min) and selective recognition of the target. In addition,
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the high speed ability of FAM-ssDNA functionalized Cu-Pt micromotors can make it possible to detect target
cancer cells for real-time applications. These micromotors are very promising in early cancer diagnostics.

3. Experimental
3.1. Materials
The alumina membranes with pores of 25 mm in diameter (pore size: 0.2 µ m) were purchased from Whatman
(6809-6022). Cu and Pt targets from China Leadmat Advanced Materials Co. Ltd. (diameter: 5.08 cm;
thickness: 0.635 cm) were used for the magnetron sputtering process. Hydrogen peroxide (30%) and sodium
hydroxide were purchased from Sigma-Aldrich. SDS, CTAB, and Triton X-100 were purchased from Fluka.
Oligonucleotides were supplied from Heliks Biotechnology (Turkey):
FAM-ssDNA antimiRNA-21 Probe : FAM-5’-TCAACATCAGTCTGATAAGCTA-3’
Target miRNA-21: 5’-UAGCUUAUCAGACUGAUGUUGA-3’
1-Base mismatch sequence (1-MM): 5’-UAGCUUAUAAGACUGAUGUUGA-3’

3.2. Fabrication of micromotors
One side of the Al membrane was coated with Cu and the other side was coated with Pt by the RF magnetron
sputtering method. Sputtering base pressure was 2 mTorr and working pressure was 6.5 mTorr. Sputtering
parameters were 25 W and 1 h for both sides under argon gas flow. The distance between target and substrate
was kept constant at 9.5 cm for all sputtering processes. The sputtered Cu layer was completely removed by
hand polishing with alumina slurry of 3–4 µ m. The membrane was dissolved in 3 M sodium hydroxide (NaOH)
solution for 30 min in order to remove the membrane. The latter was collected by centrifugation at 6000 rpm
for 20 min. This procedure was repeated three times, and then pure water cleaning was started at 6000 rpm for
5 min three times. Figure 8 presents the preparation steps of the Janus micromotors. Characteristic properties
of the micromotors were investigated with a Nikon Eclipse Ti Optic LV100ND Model microscope.

Figure 8. Preparation protocol of Janus Cu-Pt structure.
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3.3. 6-Carboxyfluorescein (6-FAM) dye-labeled probe DNA immobilization
Micromotors were centrifuged at 6000 rpm for 5 min and pure water was taken carefully. Then 10 µ L of
dye-labeled probe DNA (53.3 µ M) was incubated with micromotors and held for 30 min. After the incubation
process, 50 µ L of 20 mM Tris-HCl, pH 7.4, containing 100 mM NaCl, 1 mM EDTA, and 100 µ g/mL of BSA,
was used to perform the washing steps.
3.4. miRNA detection
The miRNA-21 detection protocol involved the duplex formation (hybridization). To perform these experiments,
10 µ L of 100 nM of the synthetic target miRNA-21 (prepared in 20 mM Tris-HCl buffer, pH 7.4, containing 100
mM NaCl, 5 mM KCl, and 5 mM MgCl 2 ) was added to the FAM-ssDNA probe immobilized Cu-Pt micromotors
and different incubation times (5, 15, 30, and 60 min) were studied.
The effect of target concentration (5, 25, 50, 75, and 100 nM) was investigated at a constant incubation
time of 30 min. After that, the sample fluorescence signals were measured with a microscope (Nikon Eclipse
Optic LV100ND microscope).

A selectivity experiment was carried out with a 1-MM sequence having a

concentration of 500 nM at 30 min of hybridization time. Figure 9 shows the miRNA detection steps of
the Janus Cu-Pt micromotors.

Figure 9. miRNA detection protocol with Cu-Pt Janus micromotors.

Videos and images were captured using an Andor Zyla VSC-02912 camera with 40 × and 60 × objectives.
A Nikon Eclipse Ti upright microscope with DPI filter (S Plan Fluor ELWD 40 × Ph2 ADM, S Plan Fluor
ELWD 60 × Ph2 ADL) was used to capture fluorescence images.
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Supplemental information
SI Video 1. Cu-Pt micromotor movement in the presence of nonionic surfactant Triton-X 100 (0.01%)
with H 2 O 2 (0.25%) fuel: http://
SI Video 2. Cu-Pt micromotor movement in the presence of anionic surfactant SDS (0.01%) with H 2 O 2
(0.25%) fuel: http://
SI Video 3. FAM-ssDNA/Cu-Pt micromotors speed and fluorescence intensity after 5, 15, and 30 min
of target (100 nM) hybridization and before target incubation: http://
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